Stem cells convert graded stimuli into all-or-nothing cell-fate responses. We investigated how embryonic stem cells (ESCs) convert leukemia inhibitory factor (LIF) concentration into an all-or-nothing cell-fate decision (self-renewal). Using a combined experimental/computational approach we demonstrate unexpected switch-like (on/off) signaling in response to LIF. This behavior emerges over time due to a positive feedback loop controlling transcriptional expression of LIF signaling pathway components. The autoregulatory loop maintains robust pathway responsiveness ("on") at sufficient concentrations of exogenous LIF, while autocrine signaling and low concentrations of exogenous LIF cause ESCs to adopt the weakly responsive ("off") state of differentiated cells. We demonstrate that loss of ligand responsiveness is reversible and precedes loss of the ESC transcription factors Oct4 and Nanog, suggesting an early step in the hierarchical control of differentiation. While endogenously produced ligands were insufficient to sustain the "on" state, they buffer it, influencing the timing of differentiation. These results demonstrate a novel switch-like behavior, which establishes the LIF threshold for ESC self-renewal.-Davey, R. E., Onishi, K., Mahdavi, A., Zandstra, P. W. LIF-mediated control of embryonic stem cell self-renewal emerges due to an autoregulatory loop. FASEB J.
Stem cells must decide between contrasting cell fates: proliferation vs. quiescence, self-renewal vs. differentiation, survival vs. apoptosis. These fates are generally considered to be all-or-nothing (yes/no) responses. All-or-nothing type responses arise from either a switch in exogenous signals presented to the cell (digital input), or a cell-intrinsic switchlike response (digital response) to a graded signal. The latter is considered to arise from the activation of an intracellular cell-fate effector in a sigmoidal ("ultrasensitive") manner (1) . Such ultrasensitive behavior is observed during Xenopus oocyte maturation where the mitogenactivated protein kinase (MAPK) cascade effectively switches between "off" and "on" states over a narrow range of progesterone concentrations (2) .
Numerous exogenous signals are known to alter the propensity of mouse embryonic stem cells (mESCs) to self-renew and differentiate (3) (4) (5) (6) (7) (8) . At some level, complimentary and contradictory signals must be biochemically integrated and a cell fate decision made. Although key components of the cell fate machinery have been elucidated, it is not known what constitutes the biochemical all-or-nothing switch(es) for this cell fate decision. Switchlike mechanisms may arise at the level of cell signaling pathways or in downstream cell-fate machinery (transcription factor networks), each with unique implications on the nature of stem cell fate control. We investigated whether the Janus kinasesignal transducer and activator of transcription (Jak-STAT) pathway produces switchlike behavior in response to LIF.
Leukemia inhibitory factor (LIF) is the archetypal self-renewal factor for mESC. LIF belongs to the family of interleukin (IL)-6-type cytokines, which signal through the common receptor subunit gp130, along with a ligand-specific receptor subunit (such as the LIF receptor [LIFR␤] ). Gp130 is ubiquitously expressed (9) and plays a role in a variety of cellular processes [reviewed in (10) ]. Numerous gp130 ligands are produced during early stages of development, contributing not only to the self-renewal of pluripotent cells but also to the development of numerous differentiated cell types (10 -12) . In vitro, gp130 ligands, including LIF are produced by both ESCs and their differentiated progeny (13) (14) (15) . LIF induces heterodimerization of LIFR and gp130. This results in activation of receptor-associated Janus kinases (Jaks), phosphorylation of receptor docking sites, and recruitment of Src homology-2 (SH2) domain containing proteins such as STAT3. Subsequent phosphorylation of STAT3 (pSTAT3) induces nuclear translocation and activation of transcription. STAT3 activation has been shown to be necessary and sufficient to maintain self-renewal of mouse ESC in the presence of serum or serum replacement (16 -18) .
To investigate how stem cells convert a graded stimulus into an all-or-nothing cell fate decision, we exam-ined the response of ESCs to LIF concentration. Although simulations of the canonical Jak-STAT pathway indicated that the pathway responds in an analog (nonswitchlike) fashion to ligand concentration, ESC signaling was found to evolve toward switch-like ('on/ off') behavior in a ligand-concentration-dependent manner. Using a joint experimental and computational approach, we demonstrated that this signaling behavior arose because of the presence of a positive feedback loop, whereby STAT3 activation controlled the expression of STAT3, gp130, and LIFR. ESCs were found to reversibly switch between "on" and "off" pathway states (preceding changes in cell fate), whereas differentiated cells remained fixed in the weakly responsive "off" state. The magnitude and timing of this switchlike behavior were modulated by the buffering effect of endogenously produced ligands. These results identify a new ESC all-or-nothing fate control system, whereby a novel switchlike behavior of the Jak-STAT pathway in conjunction with endogenous ligands establishes the kinetics and threshold for LIF-mediated self-renewal.
MATERIALS AND METHODS

ESC culture
R1 (41) ESCs and EF4 (22) (E14Tg2a parental)
ESCs constitutively expressing Nanog (generously provided by Dr. Ian Chambers) were routinely cultured in 15% FBS (900 -108; Gemini Biological Products, Calabasas, CA) with 500 pM LIF (mLIF; ESG11-7; Chemicon, Temecula, CA) on gelatincoated tissue-culture flasks, as described previously (42) . For all studies, 15% knockout serum replacement (10828 -028; Invitrogen, Carlsbad, CA) was used unless otherwise noted.
Immunocytochemistry and single cell fluorescence microscopy
Cells were seeded at 5 ϫ 10 3 cells/well in 96 well plates (6005182; Packard) coated with fibronectin (12.5 g/ml; F1141; Sigma-Aldrich) and gelatin (0.02%). The presence of fibronectin does not significantly alter the growth rate or self-renewal/differentiation capacity of ESCs but produces a flattened but compact colony morphology optimal for imaging (15, 43) . Cells were treated with LIF, IL-6 (406-ML) plus soluble IL-6 receptor (1830-SR; R&D Systems, Minneapolis, MN), Jak Inhibitor 1 (420099; Calbiochem, San Diego, CA), or controls as indicated. Cells were washed twice before treatment. Each experiment was performed in triplicate wells and was repeated at least three different times unless otherwise noted.
Immunocytochemistry was performed as described previously (29) . The following antibodies were used: antiphosphoStat3 (tyr705) (9131; Cell Signaling Technology, Danvers, MA); anti-Oct3 (Oct4) (611202; BD Biosciences, San Jose, CA); anti-Nanog (generously provided by Dr. T. Yamanaka); goat anti-rabbit AlexaFluor 488 (A-11034), and goat antimouse AlexaFluor 546 (A-11030; Molecular Probes, Eugene, OR). Antibodies were diluted 1:200 (1:1600 for anti-Nanog). Hoechst was used to identify nuclei (862096; Sigma-Aldrich, St. Louis, MO) (0.1 g/mL). Cells were analyzed using the ArrayScan II automated fluorescent microscope (Cellomics, Pittsburgh, PA). Average pixel intensity (total pixel intensity divided by number of pixels) within the nuclear area of individual cells was determined for each fluorophore. Compensation between fluorophore channels was performed using a linear equation generated from controls (similar to flow cytometry). Oct4 positive and negative subpopulations were identified by fitting two Gaussian distributions (OriginPro 7.5; OriginLab) to log-transformed data. Oct4
Ϫ analysis was restricted to 95% of the Oct4 Ϫ subpopulation, while Oct4 ϩ analysis was restricted to the top 50% of Oct4 expressers.
Mathematical model
We describe the Jak-STAT pathway as a series of 21 nonlinear ordinary differential equations (Supplemental Fig. 1 ). This model reflects the basic structure (components and interactions) known to exist within the Jak-STAT pathway. The rate constants used were either taken from similar published systems or determined experimentally (Supplemental Table  1 ). The set of equations was solved using the Runge Kutta method as implemented by the dde23.m function in MatLab (R2006a; The MathWorks). To this canonical model, we added endogenous ligand (receptor binding and trafficking identical to LIF), pSTAT3-dependent STAT3 transcription, and STAT3 degradation, to examine the possible consequences of autocrine signaling and positive feedback on Jak-STAT pathway behavior. Levels of endogenous ligand were fit to experimental results, and the rate of pSTAT3-dependent STAT3 transcription was set to balance STAT3 degradation at 500 pM LIF. : 5Ј-CTT GGG CAT CAA  TCC TGT GG-3Ј, reverse: 5Ј-TGC TGC TTG GTG TAT GGG  TCT AC-3Ј; 513 base pairs) (44); gp130 (forward: 5Ј-GAT TGC  CAG TCA AAC GAT GG-3Ј, reverse: 5Ј-AGC TGA TTT GCC  CAC CTT GT-3Ј; 713 bp); socs3 (forward: 5Ј-TGC GCC ATG  GTC ACC CAC AGC AAG TTT-3Ј, reverse: 5Ј-GCT CCT TAA  AGT GGA GCA TCA TAC TGA-3Ј; 638 bp) ; oct4 (forward: 5Ј-AAG GTG TCC CTG TAG CCT CA-3Ј, reverse: 5Ј-GAG GAG TCC CAG GAC ATG AA-3Ј; 512 bp); lif-r (forward: 5Ј-CTT CGA TCC TCA ACA CAG AGC-3Ј, reverse: 5Ј-TGG TTA GTG CAC CCA TAG AGG-3Ј; 359 bp) (45); and normalized to ␤-actin. Relative signal strength was determined using densitometry (ChemiImager 5500; Alpha Innotech, San Leandro, CA, USA).
Semiquantitative RT-PCR
Flow cytometry
Flow cytometry analysis of STAT3, gp130, and LIFR was performed using IntraPrep reagents (IM2389; Beckman Coulter) as described previously (46 
RESULTS
The Jak-STAT pathway does not appear to exhibit classic switchlike behavior ESCs convert LIF concentration into an all-or-nothing cell fate decision (self-renewal vs. differentiation). As a first step toward determining the mechanism responsible for converting LIF concentration into an all-ornothing fate decision, we examined the stimulus-response profile of LIF on Oct4 expression (a molecular determinant of the ESC state (19, 20) ). Given that self-renewal is an all-or-nothing fate decision, we would expect this relationship to appear steeply sigmoidal (switchlike): some concentrations of LIF should support self-renewal (Oct4 "on") and some concentrations should not (Oct4 "off"). However, after 72 h of culture, the stimulus-response profile of LIF on Oct4 expression shows a graded relationship with an apparent Hill coefficient (n H ) of approximately one (n H ϭ1.02Ϯ0.07) (Fig. 1A) be generated by either a graded change in the level of Oct4 expression in individual cells, or alternatively, a change in the proportion of "on" (Oct4 ϩ ) to "off" (Oct4 Ϫ ) cells. Indeed, LIF induced self-renewal is an all-or-nothing cell-fate decision; an examination of Oct4 levels in single cells demonstrates a bimodal profile where cells tend to be either "on" or "off", reflective of the ultrasensitive switchlike relationship (Fig. 1B,C) . For this switchlike response to appear Michaelian at the population level indicates variability in the sensitivity of cells to stimuli, or in the timing of individual cell responses, as not all cells switch from the Oct4 ϩ to the Oct4 Ϫ state in concert. To determine whether the observed switchlike relationship between LIF and self-renewal could be generated by a switchlike activation of the Jak-STAT pathway in response to LIF, we measured STAT3 activation in the Oct4 ϩ subpopulation in response to LIF concentration. For this analysis, the Oct4 ϩ subpopulation was stringently defined as the top 50% of Oct4 expressing cells in order to exclude differentiating cells in transition between the Oct4 ϩ and Oct4 Ϫ states (which varies with LIF concentration). The resulting subpopulation response profile demonstrates a Michaelian relationship closely matching that observed for Oct4 (n H ϭ1.06Ϯ0.19) (Fig. 1D) , illustrating a strong correlation between LIF concentration, STAT3 activation, and Oct4 expression. However, in contrast to the switchlike relationship between LIF concentration and Oct4 expression in single cells, examination of pSTAT3 levels in single Oct4 ϩ cells suggests that the relationship between LIF concentration and STAT3 activation is in fact graded, with no obvious bias toward low (off) and high (on) STAT3 signaling states (Fig. 1E,C) . Similar results were also observed on analysis of the total population, or the top 95% of the Oct4 ϩ subpopulation (not shown). These results suggest that switchlike behavior responsible for switchlike expression of Oct4 (and the all-or-nothing nature of this cell-fate decision) occurs downstream of STAT3 activation.
To investigate whether the known structure of the Jak-STAT pathway produces switchlike behavior, we simulated the response of an individual cell to a range of LIF concentrations using a mathematical representation of the pathway (description available in Supplemental Online Material). In agreement with the above results, simulations suggest that the Jak-STAT pathway would not necessarily be expected to respond in a switchlike fashion to LIF (n H ϭ0.78Ϯ0.02) (Fig. 1D , inset).
These results suggest that the Jak-STAT pathway does not contribute to the all-or-nothing nature of the cell-fate response to LIF, but instead passes information to downstream processes in an analog fashion. To verify this, we examined the response of the Jak-STAT pathway to LIF concentration at a time preceding overt differentiation to ensure that the observed STAT3 response to LIF concentration reflects normal pathway behavior rather than a consequence of differentiation processes.
Response of the Jak-STAT pathway to LIF has a temporal dependency
To investigate the response of the Jak-STAT pathway to LIF at a time prior to changes in Oct4 expression and cell fate, we examined cells after 6 h exposure to various concentrations of LIF. At this time, no differences in Oct4 expression or cell fate are apparent between LIF concentrations (demonstrated below). As was seen at 72 h, an examination of the distribution of STAT3 activation levels in Oct4 ϩ cells at 6 h shows no obvious switchlike behavior as the STAT3 distribution appears unimodal ( Fig. 2A) . However, STAT3 activation is greater at low LIF concentrations for cells stimulated for 6 h compared with 72 h.
A comparison of pSTAT3 population averages for 6 h and 72 h indicates significantly greater STAT3 activation for low and zero LIF concentrations at 6 h (Fig.  2B) . The difference in STAT3 activation between these time points in the absence of exogenous LIF cannot be explained by the kinetics of STAT3 dephosphorylation, as the half-life of pSTAT3 is ϳ10 min (our observation). These results therefore indicate the presence of endogenous STAT3 activation that is greater at 6 h than 72 h.
Recently, we demonstrated that ESCs express functional levels of autocrine gp130 ligands that temporarily maintain STAT3 activation and self-renewal in the absence of exogenous LIF (15) . By using a Jak inhibitor to inhibit all endogenous Jak-dependent STAT3 activity, it is apparent that significant endogenous activity is indeed present at 6 h in the absence of LIF, while less endogenous activity is present at 72 h ( Fig. 2B green and blue points). This endogenous activity alters the response of the Jak-STAT pathway to exogenous LIF at 6 h by propping up STAT3 activation at low and zero LIF concentrations, while not affecting STAT3 activation at high levels of exogenous LIF. The role of this autocrine factor(s) in altering the dose-response profile was examined by including an autocrine gp130 ligand (identical to LIF) in our simulations. This analysis suggests that an endogenous gp130 ligand could alter the shape of the LIF response profile in the manner observed experimentally (Fig. 2C) .
Interestingly, these results illustrate a temporal dependency in the LIF-pSTAT3 dose-response profile. Between 6 h and 72 h, the pathway appears to respond in a more switchlike manner; differences in STAT3 activation between LIF concentrations become exaggerated, and substantial levels of endogenous activity are lost. This behavior may arise from a change in the level of endogenous signal over time or a change in the response of the pathway to the endogenous signal. Although both possibilities may account for the apparent switchlike behavior of Jak-STAT3 signaling, they represent fundamentally different control mechanisms. As a first step toward distinguishing between these possibilities and to investigate the consequences of this change in STAT3 signaling behavior, we examined the kinetics of STAT3 signaling on LIF deprivation.
ESCs gradually lose STAT3 activation in the absence of LIF and begin to signal like differentiated cells
To understand the mechanism underlying the appearance of switchlike behavior between 6 h and 72 h we first examined the kinetics of STAT3 signaling in the Oct4 ϩ and Oct4 Ϫ subpopulations in the absence of LIF. On exogenous LIF deprivation pSTAT3 levels in the Oct4 ϩ subpopulation undergo a rapid decrease to the (nonzero) endogenous level (Fig. 3A) . This rapid decrease occurs over the first hour of LIF deprivation and reflects the short half-life of STAT3 phosphorylation. Over the next 72 h, pSTAT3 levels undergo a second much more gradual decrease (Fig. 3A) . This gradual decrease in pSTAT3 levels in the Oct4 ϩ subpopulation occurs in concert with a reduction in expression of both Oct4 and Nanog [a molecular determinant of the ESC state (22, 23)] (Fig. 3B,C) and precedes an increase in the number of Oct4 Ϫ cells (Fig.  3D) . Interestingly, in contrast to the Oct4 ϩ subpopulation, the Oct4 Ϫ subpopulation was generally weakly responsive to both endogenous and exogenous gp130-activating stimuli (Fig. 3A , blue and light blue). Furthermore, endogenous STAT3 activity in the Oct4 ϩ subpopulation appears to decrease to that of the Oct4 Ϫ subpopulation in the absence of exogenous LIF. Examination of representative pSTAT3 histograms at 72 h illustrates this further (Fig. 3E-G) . Although there is variability in the response of cells in each subpopulation, distinct Oct4 ϩ (red) and Oct4 Ϫ (blue) STAT3 signaling signatures are apparent at 72 h in the presence of LIF (Fig. 3F) but not in the absence (Fig. 3G) . In the absence of LIF STAT3 activity in the Oct4 Collectively, these observations raise the intriguing possibility that ESCs may gradually lose responsiveness to Jak-STAT-activating ligands in the absence of LIF and adopt the weakly responsive state of differentiated cells prior to the loss of Oct4 and Nanog. Such a change in responsiveness could explain the increase in switchlike behavior observed between 6 h and 72 h and would suggest that this switchlike behavior establishes the ligand threshold for self-renewal-supportive (ESClike) and nonsupportive (differentiated cell-like) levels of STAT3 activation. To investigate the possibility that responsiveness to Jak-STAT activating ligands is controlled in a ligand-dependent fashion, we tested the responsiveness of cells to gp130 ligands after various durations of LIF deprivation.
Responsiveness to gp130 ligands is regulated by prior ligand availability
To examine whether the Oct4 ϩ subpopulation downregulates responsiveness to gp130 ligands in the absence of LIF, we deprived cells of LIF for various lengths of time before LIF reintroduction. As anticipated, with increasing duration of LIF deprivation we observed a decrease in the response of Oct4 ϩ cells to LIF restimulation (Fig. 4A, black) (this was also verified by flow cytometry). The response of the Oct4 ϩ subpopulation became more similar to that of the weakly responsive Oct4
Ϫ subpopulation with time (Fig. 4A,  red) . No equivalent decrease in LIF responsiveness was observed in the Oct4 Ϫ subpopulation. These results indicate that on LIF deprivation, the Oct4 ϩ subpopulation down-regulates LIF responsiveness, becoming like the weakly responsive Oct4
Ϫ subpopulation before the complete loss of Oct4. Similar results were observed for E14Tg2a ESCs and for cells cultured in the presence of serum (data not shown). The diminishing response of cells to the endogenous signal (Fig. 3A and Fig. 4A "0 min" time points) mirrors that of exogenous LIF, indicating that loss of responsiveness affects endogenous gp130 ligands as well. To test this, we examined the response of cells to IL-6 plus soluble IL-6 receptor, which signals through the common gp130 receptor subunit without requiring additional ligand-specific receptor subunits. Testing the response of cells to IL-6 plus soluble IL-6 receptor thereby allows us to examine the response of cells to all IL-6-type cytokines. As expected, the response of cells to IL-6 demonstrated a similar decrease with increasing duration of LIF deprivation (Fig. 4A, blue) .
The above results suggest that the switchlike behavior generated between 6 h and 72 h arises from a LIF concentration-dependent change in gp130 ligand responsiveness with time. Furthermore, this change precedes loss of the stem cell state. To examine whether the change in responsiveness occurs in a LIF concentration-dependent manner, cells were cultured in various LIF concentrations for 66 h, followed by 6 h LIF deprivation, and 15 min stimulation with 500 pM LIF. The results demonstrate a clear dose-dependent relationship between the LIF concentration cells, which were originally cultured in (for 66 h), and their subsequent ability to respond to saturating levels of stimulation (500 pM LIF for 15 min) (Fig. 4B) . These results indicate that Jak-STAT pathway components may be autoregulated in a ligand concentration-dependent manner. 
Autoregulation controls responsiveness to gp130 ligands
The mechanism mediating autoregulatory control over gp130 ligand responsiveness may involve pSTAT3-dependent expression of JAK-STAT pathway components. Functional pSTAT3 binding sites have been identified in the promoters of both STAT3 and gp130 and are predicted in LIFR (24 -26) . Furthermore, a positive feedback control loop where pSTAT3 regulates expression of STAT3 and gp130 was recently demonstrated to arise during astrogliagenesis (27) . To examine whether autoregulation occurs in ESCs, we examined the expression of STAT3; gp130; LIFR; the pSTAT3-regulated inhibitor suppressor of cytokine signaling 3 (SOCS3) (28); and Oct4; in the presence and absence of LIF, as well as in the presence of JAK inhibitor. As shown above (Fig. 2B ), these conditions result in different levels of STAT3 activation, thereby, allowing us to investigate the possibility of pSTAT3 dose-dependent control over gene expression. Semiquantitative RT-PCR results at 6-h exposure demonstrate a dose-dependent relationship between STAT3 activation and expression of STAT3, gp130, and LIFR. Expression was highest in the presence of LIF, weaker in the absence of LIF, and weakest in the presence of JAK inhibitor (Fig. 5A, B) . Dose dependency was also observed at both 3 h and 12 h (data not shown). A similar dose dependency was observed for SOCS3, a known pSTAT3 transcriptional target (28) , while no differences in Oct4 expression were observed. Examination of STAT3, gp130, and LIFR protein levels in the Oct4 ϩ subpopulation by flow cytometry confirmed the observed changes in gene expression. Differences in STAT3 levels between ϩLIF and -LIF were apparent as early as 12 h and increased with time (Fig. 5C ). We have also observed a small decrease in LIF responsiveness at as early as 12 h (data not shown). Interestingly, although differences in gp130 and LIFR levels exist, they were first apparent much later, around 48 h to 60 h (Fig. 5D, E) . Further to this, the Oct4 Ϫ subpopulation demonstrated reduced expression of STAT3, gp130, and LIFR relative to their Oct4 ϩ counterparts ( Fig. 5F-H, respectively) . Changes in protein levels were confirmed via immunocytochemistry and single cell image analysis (data not shown). Together with the gene expression data, these findings suggest the presence of a positive feedback loop controlling the expression of JAK-STAT pathway components, including STAT3, LIFR, and gp130 (Fig. 5I ) and that this positive feedback loop may be responsible for the change in the LIF-STAT3 stimulus-response profile over time. To explore the effects of positive feedback on the response of the Jak-STAT pathway to ligand concentration, we simulated this new pathway structure.
Positive feedback enhances the switchlike behavior of the Jak-STAT pathway creating a reversible switch
To establish that positive feedback can account for the difference in the LIF dose-response between 6 h and 72 h, we performed simulations where we included both autocrine signaling and positive feedback control over STAT3 expression (pSTAT3-dependent STAT3 transcription) (description of adapted model available in supplemental online material). Resulting simulations suggest that in the presence of a constant autocrine signal, positive feedback can indeed alter the behavior of the Jak-STAT pathway and cause a gradual steepening of the LIF-STAT3 stimulus response curve with time (Fig. 6A, lines) . These results fit well with what we observe experimentally at 6 h, 24 h, 48 h and 72 h (Fig. 6A, points) . By performing these simulations in the absence of an endogenous signal, it is more readily apparent that the Jak-STAT pathway is evolving a more switchlike response to LIF concentration with time (Fig. 6B) . The degree of switchlike (sigmoidal) behavior achieved in these simulations necessarily depends on the rates of STAT3 production and degradation, as well as the duration of simulation. These results suggest that the Jak-STAT pathway is responding in a switchlike manner to LIF. The apparent Hill coefficient determined for the LIF-pSTAT3 dose-response profile at 72 h (Fig. 1) is obfuscated by not considering the fact that the pathway at 72 h has become unresponsive to substantial levels of endogenous signal. To estimate the actual degree of switchlike behavior attained in vitro by 72 h, we approximated the level of autocrine activity and refit the 72 h data. We approximated the level of autocrine ligand to be equivalent to 5-10 pM exogenous (bulk) ligand by comparing the dose-response profiles in Fig. 6A . This autocrine ligand approximation also matches the concentration used in our simulations in Fig. 6A (10 pM) , which fit well with experimental data. By estimating the autocrine concentration and refitting the data, the LIFpSTAT3 dose-response profile at 72 h exhibits an apparent Hill coefficient of ϳ3.0 to 4.7 (the binding of oxygen to hemoglobin has an n H of 2.8).
Irrespective of the true extent of switchlike behavior attained by the pathway, the evolution of this behavior has a significant impact on STAT3 activity. The switch effectively establishes a ligand threshold above which STAT3 activation is maintained and below which STAT3 activity is gradually lost (effectively filtering out substantial levels of STAT3 activation arising from endogenous signal and low levels of exogenous LIF), causing cells to adopt a STAT3 activation state similar to differentiated cells. Interestingly, because ESCs under these conditions double approximately every 16 h (29), this switchlike behavior is established over a time period where cells have divided multiple times.
Positive feedback has been shown in other systems to lead to irreversible changes in pathway activation (30) . Indeed, differentiated cells appear locked in the poorly responsive state, indicating that at some point loss of responsiveness is irreversible. Such signaling behavior could be a causative factor in the irreversibility of ESC differentiation. To address this question, we examined whether positive feedback in the Jak-STAT pathway could generate irreversible changes in responsiveness. Model simulations indicated that loss of STAT3 on complete ligand removal is reversible by ligand reintroduction provided the total number of STAT3 molecules remains above zero [ Fig. 6C (black) shows number of STAT3 molecules dropping to 1 before being restimulated and recovering (magenta)]. If the STAT3 count falls to zero, irreversibility ensues (due to a disruption of the positive feedback loop). The presence of autocrine signal prevents this possibility by restricting the magnitude of STAT3 loss in the absence of LIF (Fig. 6C  green, blue, red) . Not only does the autocrine signal determine the magnitude of the difference between 'on' and 'off' states, it also determines the rate of change between states (Fig. 6C green, blue, red) .
To verify the model prediction that loss of responsiveness is reversible, as well as to confirm that switchlike behavior is not a consequence of differentiation, we utilized cells constitutively expressing Nanog (22). Nanog-expressing cells remain undifferentiated in the absence of LIF, thereby enabling us to decouple STAT3 signaling from cell fate control and in doing so examine switch behavior and reversibility in ESCs after prolonged LIF deprivation. Nanog expressing cells cultured in the presence of LIF maintained high LIF responsiveness (Fig. 6D black) . On LIF deprivation, responsiveness was lost (Fig. 6D, green and olive  green) ; however, subsequent culturing in the presence of LIF recovered responsiveness (Fig. 6D, red) . Responsiveness could also be recovered for cells treated with Jak inhibitor to remove all measurable endogenous STAT3 activity (Fig. 6D, pink and blue) . Despite switches in responsiveness, undifferentiated morphology (Fig. 6E ) and high Oct4 expression (not shown) were maintained. These results demonstrate that irreversibility is not a consequence of the positive feedback loop itself but arises instead because of some event associated with differentiation.
DISCUSSION
The biochemical basis by which stem cells convert graded stimuli into all-or-nothing cell-fate decisions is not understood. The all-or-nothing nature of this response could be established by switchlike ("on/off") behavior of cell signaling pathways and/or downstream cell-fate machinery. Moreover, multiple switches may be used to control a cell-fate decision. Recently, a computational analysis of the feedback loops controlling Nanog, Oct4, and Sox2 expression suggested switchlike behavior is theoretically possible within this network (31) . We investigated how ESCs generate an all-or-nothing cell fate decision in response to LIF. Although simulations of Jak-STAT signaling suggested that known pathway structure would not produce switchlike behavior (Fig. 1D, inset) , subsequent experimental and computational analysis indicated that switchlike behavior gradually evolves over time due to the presence of a positive feedback loop and the buffering effect of endogenous ligands.
We have demonstrated that ESCs express functional levels of gp130 activating ligands that act to temporarily support STAT3 activation and self-renewal in the absence of exogenous LIF (15) . Here, we report that this endogenous activity props up STAT3 activation in the absence (or at low concentrations) of exogenous LIF. However, endogenous STAT3 activity was found to decrease with time in the absence of LIF, and ESCs gradually adopted the weak STAT3 activation state characteristic of differentiated cells prior to the loss of Oct4 and Nanog. This decrease in endogenous STAT3 activity arose from the presence of a positive feedback loop controlling the expression of STAT3, gp130, and LIFR (Fig. 5) , and thereby, responsiveness to gp130 ligands in a ligand concentration-dependent manner (Fig. 4B) . The emergence of switchlike behavior is described in Fig. 7 .
In support of a positive feedback loop controlling pathway responsiveness, functional STAT3-binding elements have been identified in the promoters of STAT3 (24) and gp130 (25) and are predicted to exist in LIFR (26) and JAK 1 (27) . Furthermore, a positive feedback loop linking STAT3 activation to pathway responsiveness was recently demonstrated to up-regulate LIF responsiveness during astroglialgenesis, an effect attributed to the up-regulation of STAT3, gp130, and Jak1 expression (27) . The observed decrease in STAT3 protein in the absence of LIF correlated well with the decrease in LIF responsiveness and preceded changes in gp130 and LIFR, indicating that STAT3 expression may be the prime determinant of ligand responsiveness during the initial phase of LIF deprivation.
As STAT3 levels and ligand responsiveness decreased on LIF deprivation, so too did expression of the stem cell transcription factors Oct4 and Nanog, suggesting a tight correlation between level of STAT3 activation and self-renewal processes. Levels of STAT3 activation and Oct4 expression also correlate in single cells in the presence and absence of LIF (15) . Importantly, cells constitutively expressing Nanog [which maintain an undifferentiated state independent of STAT3 (22, 23)] also experience a drop in responsiveness in the absence of LIF, indicating that this control loop can occur independent of changes in stem cell fate. These results imply that decreased ligand responsiveness is a cause rather than a consequence of the differentiation process.
The finding that ESCs actively regulate responsiveness to gp130 ligands by autoregulating STAT3 expression provides insight into the role of Wnt signaling in self-renewal. Wnt/␤-catenin signaling has been shown to promote ESC self-renewal, but this requires the presence of low levels of LIF (32, 33) . Wnt and LIF actually synergize to promote self-renewal; low levels of LIF that are otherwise insufficient to maintain selfrenewal can do so in the presence of Wnt or constitutively active ␤-catenin. Interestingly, a 2-to 3-fold increase in STAT3 expression and protein is observed in the presence of Wnt or constitutively active ␤-catenin (32). Our findings suggest that in the absence of threshold levels of LIF, STAT3 protein becomes limiting. Indeed, STAT3 activity arising from endogenous ligands is lost with time due to insufficient maintenance of STAT3 expression. Our results would therefore predict that Wnt/␤-catenin-mediated STAT3 transcription would enhance STAT3 activation, enabling subthreshold levels of ligand to maintain self-renewal. In fact, even in the presence of the GSK3␤ inhibitor BIO, which supports self-renewal by releasing ␤-catenin from GSK3␤ inhibition (6), increased STAT3 reporter activity was observed in the absence of any exogenous LIF (33) . It is likely that this is a result of increased activity of endogenous gp130 ligands due to increased STAT3 transcription.
To explore the consequences of a positive feedback loop on Jak-STAT pathway behavior we performed simulations. Simulations indicated that the presence of a positive feedback loop could enable the Jak-STAT pathway to evolve over time in the manner observed (Fig. 6A) by enhancing the switchlike behavior of the pathway (Fig. 6B) . In other systems, positive feedback has been shown capable of creating irreversibility in switchlike responses (30) . However, irreversibility does not arise as a natural consequence of positive feedback in this system (Fig. 6C) ; undifferentiated cells are capable of reversibly switching between responsive and unresponsive states (Fig. 6D) . These results fit well with previous work demonstrating that LIF responsiveness could be up-regulated from a weakly responsive state during astrogliagenesis (27) . Interestingly, the Oct4 Ϫ subpopulation retains low responsiveness in the presence of LIF, implying that the switch eventually becomes fixed in a suppressed state. Such suppression could result from repression of STAT3, gp130, and However, endogenous ligands and low levels of exogenous LIF are insufficient to maintain expression of Jak-STAT pathway components, and pathway responsiveness is lost with time. Consequently, the pathway switches from a self-renewal supportive (ON) to an unsupportive (OFF) state.
LIFR expression through epigenetic mechanisms (i.e., changes in methylation and acetylation), or expression of antagonistic transcription factors such as neurogenic basic-helix-loop-helix (bHLH) factors, as has been observed in other cell contexts (27, 34, 35) .
Although this switch-like behavior does not represent a "perfect" on/off switch, it has a profound effect on STAT3 signaling, capable of filtering out considerable levels of stimulus. At subthreshold levels of ligand (i.e., endogenous ligand levels and low levels of exogenous LIF) responsiveness cannot be maintained and ESCs adopt the weak STAT3 activation state observed for differentiated cells. This low level of activation is insufficient to maintain self-renewal, and differentiation proceeds. The gradual loss of STAT3 activity at subthreshold concentrations of ligand may explain why autocrine ligands only temporarily support self-renewal (buffer against differentiation) in the absence of exogenous LIF (15) . Even though the endogenous signal generates considerable levels of STAT3 activation (Fig.  2B) , this activity does not fully maintain STAT3, gp130, and LIFR expression (Fig. 5A,C) , and STAT3 activation consequently decreases with time ( Fig. 3A and Fig. 6A ). Indeed, simulations suggest that the autocrine signal acts as a buffer, influencing both the magnitude of the switch and rate of switching between "on" and "off" states but is not sufficient to prevent switching (Fig.  6C) . Combined with the buffering effect of autocrine ligands, the switchlike behavior thereby establishes the LIF threshold for self-renewal supportive levels of STAT3 activation ("on"), as well as the kinetics of switching between "on" and "off" states. Differences in STAT3 activation between Oct4 ϩ and Oct4 Ϫ subpopulations suggests that the different effects of gp130 ligands on undifferentiated and differentiated subpopulations may be a consequence of STAT3 signal strength. Examination of STAT3-dependent gene expression for ESCs in the "on" and "off" Jak-STAT signaling states would be informative in this regard.
Positive feedback in the Jak-STAT pathway produces a switchlike response to LIF in ESCs. This mechanism establishes the ligand threshold for ESC-supportive "on" and nonsupportive "off" STAT3 activation states. On/off information is presumably then passed on to downstream processes to be integrated with additional signals before a final cell-fate decision is made. The biochemical switch(s) for self-renewal may therefore exist, at least in part, at the level of cell signaling rather than exclusively in downstream cell-fate processes. This has implications on the hierarchy of events leading to changes in cell fate. By ϳ36 h, LIF deprivation STAT3 activation in the Oct4 ϩ subpopulation becomes switched to the "off" state. This precedes loss of Oct4 and Nanog. Recently, it was shown that STAT3 mediates self-renewal via activation of c-myc expression (36) . In agreement with our results, the authors describe a similar loss of c-myc expression by 36 h in the absence of LIF. Interestingly, stem cell commitment to differentiation also appears to occur around 36h LIF deprivation, as differentiation of a subset of cells proceeds even on LIF reintroduction [unpublished observations, and (37)], and ESCs deprived of LIF for 48 h lose their ability to contribute to chimeras (38) . Furthermore, a recent study identifying putative downstream targets of STAT3 in ESCs showed changes in the expression of STAT3 targets appearing after 36 h of LIF (or conditionally active STAT3) withdrawal (39) . One verified target, the putative zinc-finger protein jumonji domain containing protein 1A (Jmjd1a), showed a decrease in expression beginning between 24 h and 48 h and was completely lost by 72 h following LIF withdrawal. Jmjd1a was also downregulated during differentiation of human ESCs, and its expression appeared restricted to testis and ESCs, further suggestive of a role in pluripotency. The kinetics of these processes suggests that the Jak-STAT switch may serve to establish the timing of commitment to differentiation by setting the window of self-renewal supportive gene expression.
Our data suggest that cell-fate decisions are initiated and restricted by progressive changes in cell sensitivity to exogenous stimuli. Such a scenario may be advantageous; for example, adoption of an "off" Jak-STAT signaling state in ESCs (or their pluripotent founder cells) may be necessary to initiate differentiation and stabilize it in the face of multiple gp130 ligands produced by both undifferentiated and differentiated cells in vivo (11) , and in vitro (13) (14) (15) . This work also has implications on the kinetics of differentiation. Generation of switchlike behavior (and differentiation) occurs over a length of time where cells have divided multiple times, thereby enabling stem cell populations to expand prior to differentiation. Interestingly, our results suggest that the timing and magnitude of the switchlike behavior appear to be set by the interaction between the rate of positive feedback and the buffering effect of endogenous signal. Microenvironmental heterogeneity in endogenous signaling may be compounded by these processes to create the spatial organization of pSTAT3 and cell fate observed within ESC colonies (an "autoregulatory ESC niche") (15) .
Given the variety of exogenous factors affecting self-renewal and differentiation, and the elusiveness of a conserved stem cell transcriptional program (40) , ordering the variety of biochemical processes affecting stem cell fate into networks of switchlike modules (such as the Jak-STAT module we describe) may be a useful abstraction for dissecting and controlling the decisionmaking process. Considering the limitless permutations of protein and gene activation states available to cells and the all-or-nothing character of cell-fate decisions, such organization may, in fact, reflect the true nature of stem cell commitment.
